In this paper, a ceramic-based thick film heat flux sensor (TFHFS) to monitor the heat flux in high-temperature environments is described. The TFHFS consists of 130 pairs of Pt-Pt/Rh thermocouples distributed in a serpentine form on a ceramic substrate. An insulator was used to generate the temperature difference, which increases the thermoelectric potential (output voltage) and improves the sensitivity of the proposed TFHFS. There are two pairs of independent thermocouples for temperature monitoring. The screenprinting process is used as the fabrication process. The characterization results indicate that the Pt electrodes and the Pt/Rh electrodes were well connected after sintering at 1350 • C, and the thickness and width of the thermocouple electrodes were approximately 20 µm and 300 µm, respectively. The test results indicate that the proposed heat flux sensor has a maximum output voltage of approximately 1.44 mV, and the heat flux sensitivities for 3-57 kW/m 2 were well distributed in the range of 0.025-0.030 mV/(kW/m 2 ), thereby demonstrating that the fabricated sensor exhibits high sensitivities in the given heat flux range. Furthermore, the reusability investigation indicated that the prepared TFHFS achieves a stable output voltage and a low error level at 50-900 • C. Therefore, we assume that the proposed sensor can be used for monitoring the heat flux in harsh applications such as turbomachinery and aerospace industries.
I. INTRODUCTION
Heat flux measurement for thermal energy transfer research is indispensable in harsh environments, such as nuclear plants and modern turbomachinery, or searing temperatures, high heating rates, and aerodynamic loads in a spacecraft thermal protection system [1] - [3] . A good heat flux sensor should have the advantages of small size, least interference with the environment, high accuracy, and sensitivity [4] . Moreover, long term measurement of heat flux in the applications mentioned is highly required. For example, as fuel costs increase, airlines face a challenge to reduce fuel consumption, and the next-generation commercial aircraft will be required to have a higher fuel efficiency. The easiest way to achieve this is to run the engine at higher temperatures. Therefore, there is an urgent need for a heat flux sensor capable of withstanding The associate editor coordinating the review of this manuscript and approving it for publication was Yassine Maleh . higher temperatures to achieve heat flux monitoring in a hightemperature environment, to control heat transfer efficacy [5] .
Several heat flux sensors such as the thin film type, Gordon type, and plug type sensors have been developed [6] - [12] . Scott D. Wilson studied a thin film heat flux sensor array, which is used for heat flux testing in the Stirling Convertor. This gauge requires a complex cold end compensation, and owing to its thickness, it exhibits a slow response to the heat flux [7] . Christopher reported a thin film heat flux sensor that consisted of a series of Pt/Rh thermocouples based on different substrates. Despite its high response frequency (3 kHz), it exhibited low sensitivity [13] . Theophilos S and his team developed a heat flux sensor, using thermal spraying technology, and realized heat flux test at 100 • C [14] . Wilson S D designed a thin film resistance heat flux sensor and measured the heat flux at 120 • C. However, a high-temperature test was not conducted in this study [6] . A majority of heat flux sensors employed in high-temperature environments require the use of water-cooled devices, such as the Schmidt-Boelter and Gordon models), resulting in cumbersome measurement systems [15] . Therefore, it is necessary to develop a hightemperature heat flux sensor that does not require water cooling. Moreover, the fabrication process of the heat flux sensors mentioned above are complicated and expensive. Thick film sensors have the same advantages as thin film sensors, such as lower impact on the test environment and shorter response times [13] , [16] . More importantly, the thickness of the thick film sensors is 10 times or more than that of thin film sensors; hence, thick film sensors have better durability at ultra-high temperatures and are more suitable for use in harsh environments.
In this study, a thick film heat flux sensor (TFHFS) based on one-dimensional heat transfer was investigated. This sensor is based on Al 2 O 3 ceramic and there are 130 pairs of Pt-Pt/Rh thermocouples distributed on it in a serpentine fashion. Screen-printing is used for depositing the thermocouples and realizing thermocouples conjunctions. Platinum (Pt) and platinum/10% rhodium (Pt/Rh) are selected as the thermoelectric material. The morphological and parameters characteristics of this sensor was investigated via a laser confocal microscope and scanning electron microscope (SEM). Eventually, the sensing performance of as the fabricated sensor was analyzed. Compared with the heat flux sensors [17] designed previously, this design integrates more thermocouples within the same area and simplifies the manufacturing process. Furthermore, the installation and test direction of the sensors are changed to reduce the influence of the substrate heat conduction on the test results of the sensor. In addition, two pairs of independent thermocouples are added for temperature monitoring.
A. PRINCIPLE
The heat flux sensor is based on Fourier's Law and Seebeck effect. The theory of heat flux measurement in this design is shown in Fig. 1 .
According to Fourier's Law, the calculation formula of heat flux density q is shown in (1) .
q represents the heat flux flowing across the interface, k is the thermal conductivity of object, while dT/dx is the variable rate of temperature difference across the thickness of designated object. According to the Seebeck effect, the thermocouple series positioned in parallel has an output voltage U as:
N is the amount of thermocouple (TC), and S AB represents the Seebeck coefficient of TC metal (metal A and B, shown in Fig. 1 ). Sensitivity S of heat flux sensor is defined as:
By synthesizing (1), (2), and (3), S equals to:
Therefore, from (4), the sensitivity S is related to N , k, dx and the Seebeck coefficients of TC materials. Moreover, as shown in (2), the output voltage is dependent on N, dT, and the Seebeck coefficients of TC materials.
B. SENSOR DESIGN
Based on the mechanism analysis, a TFHFS for harsh environments was proposed, as shown in Fig. 2 . To enhance the durability of the sensor in high-temperature environments, the sensor was based on an Al 2 O 3 ceramic substrate, while platinum (Pt) and platinum/10% rhodium (Pt/Rh) were designated as the TC materials. The TCs were connected in a serpentine form and located on the surface of the alumina ceramic substrate being used as the sensing space. Nano-structured silicon oxide has a thermal conductivity of 0.013 w/m/k and acts as a thermal insulator. It covers half of the TC, as shown in Fig. 2 . In addition, two separate pairs of thermocouples are located on either side of the thermocouple series for temperature monitoring. The hot junction of one thermocouple (TC1) is buried under the thermal insulation layer to measure the temperature under insulation, and the other thermocouple (TC2) is directly exposed to the air to measure ambient temperature.
The Pt and Pt/Rh signal electrodes, as shown in Fig. 2 , are extended from the high-temperature region to the lowtemperature region, which is conducive to the readout of the test signal. The thermoelectric potentials of the 130 pairs of thermocouples, owing to the temperature difference between the hot and cold junctions, is connected in series to obtain the output voltage of the heat flux sensor. Table 1 lists the associated parameters of the designed TFHFS. Note that h is the width of insulator; L is the side length of sensing area, which is a square; T x represents the thickness, where x denotes insulator, ceramic substrate, or thermocouple; l and d are the length and width of Pt or Pt/Rh electrode of single TC, respectively.
II. SENSOR FABRICATION A. FABRICATION
The combination of screen-printing technology and ceramic electronic manufacturing is simpler and cheaper than other methods [18] , and it has been proven to be an effective and controllable fine electrode forming technology in our previous work. Based on this, screen-printing technology was employed as the method to fabricate the proposed TFHFS.
The parameters of the screen-printing mesh are presented in Table 2 .
As illustrated in Fig. 3 , the roughness at the surface of the Al 2 O 3 chip was first polished to 0.4 µm, which was beneficial for the bonding between the thermocouple metal and the ceramic chip. Then, the ceramic substrate was washed with an anhydrous ethanol solvent to remove impurities. After that, 5599-P type Pt conductors were screen-printed onto the ceramic substrate and dried at 100 • C for 20 min to solidify and shape the Pt electrodes of TCs and the Pt signal electrode. To locate and connect the Pt electrodes fabricated in the initial screen-printing process, the mesh was aligned through labels on the substrate. The mesh and screen-printing processes were repeated using 5799-X type Pt/Rh conductor paste (ESL Electronic Company, USA) to form the Pt/Rh electrodes of the TC on the surface of the substrate.
Similarly, the Pt/Rh electrodes just printed were dried in the same conditions as the Pt electrodes shaping process for solidifying and shaping the Pt/Rh electrodes. Eventually, screen-printed TFHFS was fired in muffle furnace according to the sintering curve shown in Fig. 4 .
In stage 1 of the temperature, the solvents of the conductor evaporated and the conductor dried, and in stages 2 and 3, the stable bonding between the substrate and the TCs was built, and the Pt electrodes and the Pt/Rh electrodes were welded together. As the temperature exceeded 1350 • C, it was maintained for 30 min and then cooled to room temperature, in stage 4. A nano-structure silicon oxide insulator was coated on the ceramic substrate via a mask, and the insulator was dried at 70 • C. The mask is a self-made green tape (an LTCC chip before firing at high temperature) with five rectangular holes. The location and size of the rectangular holes are determined by the size of the insulation layer. The preparation process of the insulation layer is as follows: first, the mask is covered on the alumina substrate, then, the rectangular holes of the mask are covered with the prepared silica solution. After the silicon dioxide solidifies, the mask is removed, and the silicon dioxide solidifies on the substrate to form the insulator layer. Fig. 5 shows the TFHFS before and after coating with the insulator. The hot junction of TC1 is covered with insulation and TC2 is directly exposed to the measurement environment.
B. CHARACTERISATION
By dint of Laser Confocal Microscope, we characterized the fabricated TFHFS and the corresponding result was shown VOLUME 7, 2019 in Fig. 6. Fig. 6 (a) is an image of Pt-Pt/Rh conjunction observed by the laser confocal microscope. As shown in Fig. 6 (a) , the Pt electrode and the Pt/Rh electrode are well connected after sintering. We measured the thickness and width of the Pt electrode in Fig. 6 (a) , the horizontal line in Fig. 6 (b) marks the specific location of the measurement. The measurement result is shown in Fig. 6(c) . The width and thickness of this Pt electrode are approximately 300 µm and 20 µm, respectively, which are consistent with the screen parameters.
On visual inspection, it was observed that, with the increase in the sintering temperature, the sintered film gradually changed from gray black to silver gray and finally to bright white with a metallic luster at 1350 • C. The SEM images of the metal films were obtained by field emission scanning electron microscopy (FEI Quanta, 250 FEG). As Pt and Pt/Rh have similar structures and lattice constants, their SEM images are very similar. We mainly analyzed the microstructure of the Pt/Rh films. Fig. 7 (a) and (d) present the microstructures of the Pt/Rh films before and after sintering, respectively. It can be seen from the figure that after high-temperature sintering, the binder in the metal slurry volatilizes, and the metal film changes from loose platinum powder to dense sinter. It is also found that the sensitive film is not conductive before sintering and has a good conductivity after sintering. In view of these results, we believe that the preparation process is effective for the preparation of the proposed heat flux sensor.
III. TFHFS PERFORMANCE EVALUATION
The test platform, as shown in Fig. 8 (a) , is built to test the prepared sensor, and Fig. 8 (b) is the schematic diagram of the test platform. Muffle furnace is used to provide the high temperature and heat flux environment. The HT-50 multisensor (ITI, USA) for heat flux calibration and temperature measurement is fixed on the same mullite brick with the fabricated sensor. The sensitive surfaces of the two sensors are parallel and perpendicular to the heat flux direction.
The DAQ device (Fourtec, Israel) was used for transferring and processing the heat flux signal and output voltage to a computer where the they were displayed. In the furnace, the inner space was sealed with mullite bricks and heating wires were distributed evenly in the wall.
A series of performance tests of TFHFS were carried out in the air of 50-900 • C in muffle furnace. The heating speed of muffle furnace is 3 • C /min and 10 • C /min respectively in the range of 50-300 • C and 300-900 • C, which is set according to the use requirements of muffle furnace. After a long period of repeated tests, the test results are shown in Fig. 9 and Fig. 10 . Figure 9 shows the T-q curve measured by the HT-50 sensor. T, q are the temperature and heat flux, respectively, measured by the HT-50 standard sensor as the temperature changes in the furnace. In this case, the sensor surface temperature rises from 50 • C to 900 • C, and the heat flux measured by the standard HT-50 sensor is about 3-57kW/m 2 . The result implied that the heat flux generated in the furnace increases continually as the temperature ramps up. We also observed that, compared with other temperature ranges, the heat flux measured by the HT-50 sensor increased slowly in the range of 50-300 • C. This shows that the growth rate of heat flux is determined by the change rate of temperature in the furnace, which conforms to the definition of heat flux density.
Meanwhile, the T-output voltage curve of the fabricated TFHFS is shown in Fig. 10 , the curve of voltage versus temperature of the TFHFS is very consistent with that of the HT-50 sensor. This shows that the sensor can be used to detect the heat flux in the range of 50-900 • C. The maximum output voltage of the sensor is 1.44 mV at 900 • C, which indicates that the sensor has a large output voltage.
In Fig. 11 , the output voltage-q curve of TFHFS at 3-57 kW/m 2 is presented, and the result shows that the output voltage of TFHFS improves as the heat flux surges. The fitting result showed that that the output voltage-q curve of TFHFS at 3-57 kW/m 2 matches with a line on a high fitting degree:
From the fitting results, the output thermoelectric potential of the heat flux sensor has a good linear relationship with the load heat flux density measured by the standard HT-50 sensor, which is consistent with the theoretical analysis. The sensitivity of the TFHFS at every heat flux point, calculated by (3), is plotted in Fig. 12 . It can be seen that the sensitivities of the fabricated TFHFS in 3-57 kW/m 2 were well distributed in the range of 0.025-0.030mV/(kW/m 2 ), indicating that the error of sensitivity is approximately 20% in the range of the applied heat flux sensor. In S = NS AB dx/k, N and dx have been determined after the sensor is fabricated. However, the Seebeck coefficient of the thermoelectric material and the thermal conductivity k of insulating material are not constant, they will change slightly with the increase of temperature, resulting in the change of the sensor sensitivity S.
The output voltage (U 1 , U 2 ) of the two independent thermocouples (TC1, TC2) versus temperature is shown in Fig. 13 . The increasing trend of thermocouple voltage with temperature is the same as that of Pt-Pt/Rh thermocouple in reference [19] . It can be seen from the figure that the output voltage of the two thermocouples in the low temperature section is very small, resulting in a relatively large temperature measurement error below 400 • C. The thermocouple is more suitable for temperature measurement above 400 • C, which is combined with the characteristics of the Pt-Pt/Rh thermocouple. Because the hot junctions of TC1 and TC2 are located in the insulation layer and outside the insulation layer respectively, and the two thermocouples have the same cold-end temperature (T cold ). The temperature difference inside and outside the thermal insulator ( T ) can be calculated.
According to (2) ,
Then, Moreover, as the Seebeck coefficient of the TCs varies according to Table 3 , the calculated results are shown in Fig. 14, indicating that the T at 900 • C was above 22.3 • C. This may be attributed to the huge difference of thermal conductivity between the substrate and the insulator.
In addition, TC2 can be used for environmental temperature monitoring because of its hot spot exposed to air directly.
To investigate the reusability of the prepared TFHFS, we tested the sensor three times at 100 -900 • C and the test results are shown in Fig. 15 and Fig. 16. Fig. 15 demonstrates that the q-T curve at every instance matches well with each other, and the heat flux generated at 900 • C was 3-57kW/m 2 . Moreover, the maximum error of approximately 9.8% can be observed at 400 • C.
Furthermore, the output voltage -T curve of TFHFS in Fig. 16 demonstrates that the output voltage peak of the TFHFS in all the three tests was in the range of 1.39-1.44mV, and all the curves tested under the same conditions show good consistency, indicating that the TFHFS has a stable output voltage in the range of 100-900 • C. The maximum error occurred at 400 • C, and its value is approximately 8.5%. Eventually, by synthesizing the results of Fig. 15 and Fig. 16 , we can conclude that the prepared TFHFS shows a good output voltage and stable sensitivity to heat flux at 100-900 • C. In addition, the sensors we manufactured through this process can also work at 1400 • C stably, indicating that the sensors manufactured in this experiment have the potential to work at higher temperatures [20] .
IV. CONCLUSION
In this paper, we described a ceramic-based thick film heat flux sensor for high-temperature environments. Screenprinting, which is easy and low-cost, was used for fabricating the TFHFS. The characterization indicated the Pt and Pt/Rh electrodes were well connected after firing at 1350 • C, and the thickness and width of the TCs were approximately 20µm and 300 µm, respectively. The experiments indicated that the designed heat flux sensor has a maximum output voltage of up to 1.44 mV, and the thermal insulation layer can produce a temperature difference of 22 • C at 900 • C. The sensitivities of the fabricated heat flux sensor in 3-57 kW/m 2 were well distributed in the range of 0.025-0.030 mV/(kW/m 2 ), indicating that the fabricated sensor has a high sensitivity in the given heat flux range. This is attributed to the serpentine integration of numerous thermocouples on the ceramic substrate. Further, the reusability investigation discloses that the prepared TFHFS has a stable output voltage in 100-900 • C with an error of 8.5%. Working at higher temperatures is also possible, but it was not studied here. Therefore, the fabricated sensor can be used for heat flux monitoring in some harsh applications.
